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Abstract 
    The optical absorption properties of non-crystalline and crystalline Ge 
nanoparticles with the sizes from ~ 2.5 to 15 Å have been studied at the 
B3LYP/6-31G level using time-dependent density functional theory. Hydrogen 
passivation and phosphorus doping on some selected Ge nanoparticles were also 
calculated. With the increase of cluster size, the optical absorption spectra of the 
non-crystalline Ge nanoparticles change from many peaks to a continuous broad band 
and at the same time exhibit a systematic red-shift. Doping phosphorus also causes the 
absorption spectra to shift toward the lower energy region for both non-crystalline and 
crystalline Ge nanoparticles. The non-crystalline Ge nanoparticles are found to have 
stronger absorption in the visible region in comparison with the crystalline ones, 
regardless phosphorus doping.  
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1. Introduction 
   Investigation of crystalline and non-crystalline semiconductor nanoparticles is a 
very active field of current research. Such nanoparticles have received considerable 
attention due to their unique electronic and optical properties, and have been used in 
many technological applications such as advanced electronic devices [1,2], 
light-emitting devices [3], photodetectors [4], and solar cells [5-8]. As the size of 
semiconductor nanocrystals can be made smaller and smaller, the influence of 
quantum confinement on their optical properties becomes larger. Therefore, the 
optical properties of semiconductor nanoparticles as the function of the particle size 
and crystallinity have attracted much interest. For instance, the optical absorption 
spectra of CdSe nanocrystals can span across the entire visible light region by varying 
the size of the nanoparticles [9,10]. It has also been reported that the optical properties 
of Si nanoparticles were affected by different crystallinity. Experiment [11] shows 
that amorphous Si nanoparticles have stronger optical absorption than those with 
higher crystallinity, especially in short wavelength region. Theoretical calculations 
also show that the absorption spectra of non-crystalline silicon nanoclusters exhibit a 
red-shift compared to those of crystalline silicon structures, and doping P and Al can 
cause the spectrum to shift even further toward the red region [12,13]. Furthermore, 
localized surface plasma resonance (LSPR) can be produced when more than 10 P 
atoms are doped in a Si nanocrystal of 1.8 - 4 nm [14]. In addition, reconstructed 
surface [15], different passivants (hydrogen, chlorine, fluoride, oxygen, sulfur, and so 
on) [16], different oxygen content (hydrogen, hydroxyls, one oxide shell and two 
oxide shells) on surface [17], and circumjacent surface-adsorbed molecules (such as 
water) [18] also affect the optical properties of Si nanocrystals. For example, in our 
previous work, we show that Si nanoclusters of the same size but with different 
structure motifs exhibit different optical absorption [19-21]. Contrast to the abundant 
research on Si nanoparticles (either non-crystalline or crystalline), study of optical 
properties of germanium nanoparticles is very limited although Ge is also one of the 
most important semiconductor materials.  
    The optical gap of bulk Ge is about 0.68 eV, which is significantly smaller than 
that of bulk Si (about 1.1 eV). It has been shown that as the size of silicon nanocrystal 
decreases, its optical gap increases up to about 2.4 eV [22]. Motivated by the 
observation of strong dependence of the optical gap on the size of silicon nanocrystal, 
some studies about non-crystalline and crystalline Ge nanoparticles have been carried 
out. Nesher et al. calculated the absorption spectra and optical gap of Ge nanocrystals 
using time-dependent density functional theory within the adiabatic local density 
approximation. They predicted that the optical gaps of Ge nanocrystals are smaller 
than that of Si for any size [23]. In the early experimentally [24-26], germanium 
nanocrystals of various large sizes were synthesized and their optical properties have 
been investigated. Ikezawa et. al. [24] measured the optical absorption spectra of Ge 
crystals in the far-infrared region at the temperatures of 2 ~ 292 K. They found the 
structures in the absorption spectra around 100 and 200 cm-1 [24]. Heath et. al. [25] 
synthesized three large Ge quantum dots with the sizes over 200, 100, and 60 Å, and 
the extinction spectra of these Ge quantum dots were measured with 
ultraviolet/visible and near infrared spectroscopy in the energy range of 0.6 ~ 5 eV 
[25]. The highly crystalline germanium nanocrystals in the size range 2 ~ 10 nm were 
grown by Wilcoxon's group [26]. The optical absorption properties of Ge nanocrystals 
with the diameters of 2.0 nm (about 150 Ge atoms) and 4.0 nm have also been studied 
[26]. On the other hand, various models and methods have also been used to study the 
optical properties of Ge nanocrystals [27-31]. First-principles calculations including 
electron-hole interaction were used to calculate the frequency-dependent imaginary 
part of the dielectric function [27]. Independent-particle approximation and a 
pseudopotential-plane-wave method were used to calculate the nanoparticles up to 
363 atoms [27]. Spin-dependent excitation energies of Si and Ge nanocrystals were 
estimated by a delta self-consistent field method considering the excitation of an 
electron-hole pair and including the electron-hole Coulomb interaction [28]. The 
higher-order finite-difference pseudopotential method [32-34] with the LDA 
functional was employed to calculate the absorption spectra of hydrogenated 
germanium nanocrystals over 800 atoms [31]. A semi-empirical tight-binding 
approach were used to calculate the optical properties of Ge nanoclusters with up to 
about 1000 atoms and the theoretical single-particle spectra showed that the E1 bulk 
peak is blue-shifted [35]. The experiment measured the E1 absorption peak of the Ge 
quantum dots with average radius from 12 to 60 Å showed a blue-shift of up to 0.1 eV 
and a strong reduction of their oscillator strengths due to the effect of quantum 
confinement [36]. In addition, the infrared absorption bands in amorphous Ge [37], 
the optical properties of Si-Ge semiconductor nano-onions [38] and different sized Si 
containing Ge nanoclusters of spherical shape [39] were studied in detail. Hill et al. 
found that the band gaps of small Si-coated Ge Nano-onion with the diameter below 
about 30 Å are within the visible region of the spectrum [38]. For Ge nanoclusters 
embedded in the crystal Si, it has been shown that the optical spectra are sensitive to 
the shape and size of the Ge quantum dots [40]. Despite of these studies, many 
questions remain open. For example, what are the optical absorption properties of Ge 
clusters when the size of the clusters changes from small to large? What would be 
different in the optical properties of non-crystalline and crystalline Ge nanoparticles 
of the same size? How about the effects on the optical properties when impurities are 
doped in non-crystalline and crystalline Ge nanoparticles? Further understanding of 
these questions would be very helpful to the relevant application of germanium 
nanoparticles in advanced electronic and optical devices.  
    In this work, we carried out a systematic research on the optical absorption 
properties of non-crystalline Ge2-44 clusters. The main absorption peaks of these 
non-crystalline clusters are in the ultraviolet region, especially in the far ultraviolet 
region. With the increase of cluster size, their absorption spectra extend gradually 
toward the lower energy region. The optical properties of crystalline Ge nanoparticles 
at six selected sizes between 2 to 44 atoms were studied in order to compare the 
optical absorption of non-crystalline and crystalline Ge nanoparticles. The maximum 
diameter of these crystalline Ge nanoparticles is about 1.7 nm. The absorption peaks 
of Ge crystallites are almost completely absent in the visible region. In addition, 
phosphorus atoms were introduced as dopants into these non-crystalline and 
crystalline Ge nanoparticles. The effects of the phosphorus doping on the optical gaps 
of Ge nanoparticles were also compared in detail for both non-crystalline and 
crystalline nanoparticles. The results from our study provide useful information for 
guiding the design of semiconductor nanostructure-based electronic and optical 
devices.  
 
2. Modeling and Computational Methods 
For the non-crystalline Ge clusters, we adopted the geometric structures of the 
lowest-energy Ge2-44 clusters in the literatures [41-44] and from our previous work 
[45-47]. Moreover, six non-crystalline Ge nanoparticles at the sizes of Ge5, Ge10, 
Ge17, Ge29, Ge37 and Ge44 respectively were selected from the lowest-energy 
structures and modified by (i) passivating all the dangling bonds on the surface of the 
clusters with H atoms and (ii) doping a P atom into both the bare and hydrogen 
passivated clusters. In order to make a comparison with the non-crystalline Ge 
nanoparticles, crystalline Ge nanoparticles with the corresponding sizes were also 
constructed and studied. The crystalline Ge nanoparticles were modeled by 
bulk-truncated Ge crystals passivated with H atoms. Six crystalline Ge nanoparticles 
are constructed, including Ge5H12, Ge10H16, Ge17H36, Ge29H24, Ge35H36 and 
Ge45H48.  
In this study, all the structures were relaxed at the B3LYP/6-31G level. The 
convergence criteria were set as 1.0×10-6 Ha on the total energy and 4.5×10-4 Ha/Å on 
the maximum force. The maximum displacement was set as 1.8×10-3 Å. Then, the 
optical properties were calculated by time-dependent density-functional theory 
(TDDFT) [48] at B3LYP/6-31G implemented in Gaussian 09 software package [49].  
We note that there are other more accurate methods to calculate optical 
absorption properties, such as the Bethe-Salpeter equation (BSE) method [50-52]. 
However, BSE is too expensive and it can calculate relatively smaller systems. Since 
our scope is to compare the optical properties of non-crystalline and crystalline Ge 
clusters, and to study the influence on the optical properties of the Ge nanoparticles 
by P doping or surface hydrogenation, TDDFT is appropriate and with sufficient 
accuracy for the present purpose.  
In order to accurately capture the absorption spectra of non-crystalline Ge 
clusters, we adopted enough excited states for small-size Ge2 – Ge20 clusters, which 
covered a wide energy range including the far ultraviolet region. With the increase of 
Ge cluster size, the numbers of electronic states increase dramatically, making the 
calculation much more time consuming. Optimizing between the accuracy and cost, 
we included an appropriate number of excited states to cover the absorption spectra 
up to ~ 100 nm (i.e., ~ 12 eV) for Ge21-36 clusters. For even larger clusters, we 
included the excited states to cover the absorption spectra up to ~ 150 nm (~ 8 eV) for 
Ge37-44 clusters. For those six selected non-crystalline and crystalline Ge clusters, 
with and without P doping, we analyzed and compared their optical absorption spectra 
in the visible and infrared regions.  
 
3. Results and Discussion 
3.1. Optical properties of non-crystalline Ge2-44 clusters 
    The absorption spectra of the non-crystalline Ge2-44 clusters in the high energy 
region (below 400 nm) and in the visible light region (between 400 and 800 nm) are 
plotted in Fig. 1 and Fig. 2, respectively. The corresponding geometric structures of 
Ge2-44 clusters were shown in the insert of Fig. 1. From Fig. 1 we can see that the 
main absorption intensity of Ge2-44 clusters is concentrated in the ultraviolet region, 
especially in the far ultraviolet region (about 100 ~ 200 nm, i.e. 6 ~ 12 eV). A general 
trend is that with the increase of the numbers of atoms, the sizes of these Ge clusters 
grow from ~ 2.5 to ~ 15 Å, and their absorption spectra converted gradually from 
many peaks to broad absorption bands, and the absorption range is also gradually 
red-shifted. At the small sizes (less than 10 atoms), the gross features of the 
absorption spectra of the Ge clusters are multiple peaks. The larger the cluster size, 
the more the number of peaks, and the positions of absorption peaks are in general 
located at the high energy region with wavelength less than 150 nm. As Ge clusters 
size continues to increase, their structure motifs change from sphere-like to prolate 
structures and the number of optical absorption peaks also increase. Compared with 
the small clusters, the absorption peaks are not so sharp. Each peak is extended to 
both sides, forming an absorption band consisted of multiple peaks. The positions of 
absorption are also shifted toward the lower energy region, extending to about 200 nm. 
Fir the Ge20 cluster, formed by two Ge10 clusters, its absorption spectrum exhibits 
two absorption bands, both consists of multiple peaks. The two bands extend from ~ 
100 to ~ 250 nm and with a valley at ~ 150 nm. For clusters larger than Ge20, in 
addition to the band composing of multiple strong absorption peaks in the higher 
energy region below ~ 150 nm, another absorption band emerges in the lower energy 
region between ~ 150 and ~ 200 nm and broadens with the increase of Ge cluster size. 
This band is also composed of multiple peaks, but its strength is lower than the high 
energy band. However, as the cluster size continues to increase up to Ge30, the lower 
energy absorption band becomes broad and extends toward the lower energy region. 
Ge36 is a transition motif from prolate to Y-shaped three-arm structure, yet its 
absorption spectrum exhibits two obvious absorption bands. We believe this is 
correlated with the transition of structure motif at this size. For large clusters Ge37-44, 
our calculations are restricted to absorption wavelength larger than 150 nm (i.e., ~ 8 
eV). The Ge37-39 clusters are also Y-shaped three-arm structures. There is a broad 
absorption band at the wavelength larger than 150 nm. The absorption spectra in the 
higher energy region below 150 nm cannot be seen due to the energy cutoff for the 
large clusters used in our optical spectra calculations. The Ge40-44 clusters are 
plate-like structures. Their optical absorption spectra above the wavelength of 150 nm 
were calculated and plotted. There is a sharp absorption peak between ~ 150 and ~ 
200 nm for these plate-like structures.  
    From the absorption spectra discussed above we can see that the absorption of 
the Ge2-44 clusters can go into far ultraviolet region if the energy of the optical wave is 
large enough. However, optical absorption in the visible light region is more 
interesting. Therefore, we also analyzed the absorption in the visible region for the 
Ge2-44 clusters. The corresponding absorption spectra are shown in Fig. 2. In order to 
better understand the intensity of optical absorption of these Ge clusters in the visible 
region, we also calculated the cumulative absorption intensity Avis in the visible light 
region, which is the integral of optical absorption spectra in the range of 400 to 780 
nm. The results as the function of cluster size are shown in Fig. 3 (a) where the Arvis 
values are normalized by the Avis of Ge2, i.e, Arvis = Avis(Gen)/Avis(Ge2) with n = 2 - 
44. The value of Arvis correlates well with the absorption intensity of the clusters in 
the visible light region. With the increase of cluster size, Fig. 2 shows that the 
absorption peaks of Ge clusters are red-shifted, and Fig. 3(a) shows that the optical 
absorption intensity in the visible region gradually increases. For small-sized Ge 
clusters (less than 10 atoms), the optical absorption in the visible region is very small. 
There are almost no absorption for the Ge2, Ge6 and Ge7 clusters in the visible light 
region, and there is a relatively stronger absorption for the Ge5 cluster near the purple 
and blue light regions. Starting from the Ge11 cluster, the intensity of optical 
absorption in the visible region enhanced gradually with the increase of the cluster 
size. At the same time, the absorption peaks are red-shifted and the absorption spectra 
extend gradually toward the lower energy region. In general, increasing the number of 
atoms can enhance the absorption intensity because there will be more electronic 
states available for optical transition. In order to eliminate the effects of the cluster 
size on the absorption intensity, we also calculated the averaged cumulative 
absorption intensity per atom Aavis, defined as Arvis/n, where n is the number of atoms 
in the clusters. The results for different clusters are showed in Fig. 3 (b). Local 
maximum value for Aavis are found at Gen (n = 3, 5, 13, 15, 19, 22, 25, 32, 39 and 44) 
as marked in Fig. 3 (b), indicating that the optical absorption intensity of these 
clusters are stronger than their nearest neighbors. In addition, the optical gaps of these 
non-crystalline Ge clusters are also calculated and showed in Fig. 3 (c). With the 
increase of cluster size, the optical gap exhibits a downward trend; and the local 
minimum values of the optical gap are found at Gen (n = 2, 4, 8, 11, 13, 19, 21, 25, 27, 
32, 34 and 44) as marked in Fig. 3 (c). These results indicate that the electrons in the 
clusters of these sizes are easier to be excited than their neighboring clusters.  
    In general, the absorption of these non-crystalline Ge nanoparticles can go into 
far ultraviolet region if the energy of the optical wave is large enough. Our calculation 
results show that the optical absorption spectra of the non-crystalline Ge nanoparticles 
exhibit a systematic red-shift with the increase of cluster size. Compared with the 
optical absorption spectra in the visible region, the gross features in ultraviolet region 
are sharp and intense. In the deep ultraviolet region of 100 ~ 200 nm range, the 
maximum absorption intensity of these Ge clusters is about 100 times of that of 
visible region. The optical absorption spectrum of bulk Ge [53] indicate that Ge 
crystals have strong absorption in the high-energy region (up to 10 eV). Both the 
experiments of Wilcoxon et al. [26] and Paulummo et al. [36] showed that the larger 
the Ge nanoparticles, the more intense the absorption, and the absorption spectra are 
red-shift with the increase of nanoparticles size. Nesher et al. [23] and Dmitriy et al. 
[31] calculated the optical absorption properties of hydrogenated Ge nanocrystals of 
different sizes. Their results also show that the optical absorption spectra of larger size 
Ge nanocrystals will move to the low energy region. Our calculated results are 
consistent with these conclusions. In addition, our calculation results show that the 
optical gaps of non-crystalline Ge nanoparticles exhibit a downward-shift trend with 
the increase of cluster size. This may be the reason for the red-shift in the optical 
absorption spectra of non-crystalline Ge nanoparticles.    
 
3.2. Optical properties of P-doped Ge nanoparticles 
  3.2.1 Optical properties of P-doped non-crystalline Ge nanoparticles 
    Phosphorus is one of the most frequently used dopants. Doping P can change the 
electronic structures and thus affect the optical absorption properties of Ge clusters. 
We selected six Ge clusters of different sizes from the lowest-energy non-crystalline 
Ge2-44 clusters discussed above and replaced one of the Ge atoms with a P atom, 
forming the P-doped Ge4P, Ge9P, Ge16P, Ge28P, Ge36P and Ge43P clusters, 
respectively. The structures of these P-doped Ge clusters are shown in the left column 
of Fig. 4. For the small-sized sphere-like structures such as Ge5 and Ge10 (shown in 
the insert of Fig. 1), there are only a few non-equivalent P substitution sites available 
due to the high symmetry of the clusters. For larger-sized Ge clusters, there are many 
different possible doping positions. The structures of the Ge17 and Ge29 clusters are 
prolate; Ge37 and Ge44 are Y-shaped three-arm and platelike structures, respectively. 
The similarities among these clusters are that there is a Ge bulk segment as a center 
linker which holds several small subunits together. For example, Ge17 has a Ge6 bulk 
segment connecting to a Ge9 subunit and two single atoms. Similarly, the magic Ge10 
are the two subunits of Ge29, two Ge10 and one Ge9 are the three arms (two branches 
and one root) of the Y-shaped Ge37, and four magic Ge10 are the subunits in the 
platelike Ge44. We study two types of P-doping structures for these 4 clusters: (i) 
substituting of a Ge atom in the bulk segment with a P atom to form the type GenP-a 
(n = 16, 28, 36 and 43) doped clusters; (2) replacing one of Ge atoms in one of the 
small cluster subunits to get type GenP-b doped clusters. In the second case, Ge16P 
and Ge36P have two isomers. In the isomer Ge16P-b1, P atom replaces the Ge in the 
Ge9 subunit, while in the isomer Ge16P-b2, P atom replaces one of the two single 
atoms on the other side of the bulk fragment. Similarly, Ge36P-b1 is the structure with 
a P atom replacing one of Ge atom in one of the two branches of the Y-shaped Ge37 
cluster, and in Ge36P-b2 the P atom is located at the root of Y-shaped Ge37 cluster. 
Compared with pure non-crystalline Ge clusters, the optical absorption spectra of the 
P-doped non-crystalline Ge clusters are red-shifted. The optical absorption spectra of 
Ge4P, Ge9P, GenP-a (n = 16, 28, 36 and 43) in the visible and infrared regions are 
plotted in Fig. 5 in comparison with those of the corresponding pure Ge clusters. 
Moreover, the optical gaps of GenP (n = 4, 9, 16, 28, 36 and 43) are listed in Table 1. 
From Fig. 5 we can see that the optical absorption spectra exhibit a red-shift with the 
increase of cluster size; especially the absorption spectrum of Ge37 cluster have 
already extended to the near infrared region. With P-doping, the absorption spectrum 
of Ge37 extends further toward the infrared region. From Table 1 we can also see that 
the optical gaps of the non-crystalline Ge clusters decrease significantly after doping 
P, indicating that it is easier for the electrons of these clusters to be excited after P 
doping. In the visible region, the absorption intensity of the non-crystalline Ge 
clusters after P doping does not have significant changes. We also calculated the 
relative cumulative absorption intensity Arvis in the visible region for the P-doped 
non-crystalline Ge clusters and their values with respect to cluster size are shown in 
Fig. 6 (a). For small-sized Ge5 and larger-size Ge37 and Ge44, P doping reduces the 
Arvis value. In contrast, P doping enhances the Arvis value for the medium-sized Ge10, 
Ge17 and Ge29. Advis value, the change of Arvis value after P doping as the function of 
cluster size (or equivalently the concentration of P) is shown in the insert of Fig. 6 (a). 
This result suggests that there is an optimum P doping concentration between Ge28P 
and Ge36P to maximize the Arvis value.  
 
  3.2.2 Optical properties of P-doped hydrogenated non-crystalline Ge nanoparticles 
    In addition to the P-doped non-crystalline Ge clusters discussed above, we also 
studied the optical absorption properties of hydrogenated non-crystalline Ge clusters 
with or without P doping. The hydrogenated structures were obtained by passivating 
the six non-crystalline Ge clusters mentioned above. The Ge dangling bonds on the 
cluster surface have been saturated with H atoms, and then a P atom is used to 
substitute a Ge atom inside the clusters to form the hydrogenated and P-doped 
hydrogenated non-crystalline Ge clusters Gen+1Hm and GenPHm with n = 4, 9, 16, 28, 
36, 43 and m = 8, 10, 16, 22, 24, 26, respectively. The structures of the hydrogenated 
and P-doped hydrogenated non-crystalline Ge clusters are plotted in the right column 
of Fig. 4. Here, the doping positions of the P atom are the same as those in the 
P-doped non-crystalline Ge clusters before hydrogenation. Both hydrogenation and 
P-doping have substantial influence on the structures of small-sized Ge clusters, such 
as the Ge5 and Ge10 clusters. Therefore, the electronic structures and optical 
absorption properties of these small clusters will be affected by the hydrogenation and 
P-doping. Fig. 7 and Table 1 show the optical absorption spectra and the optical gaps 
of these hydrogenated Ge clusters and P-doped hydrogenated Ge clusters. Similar to 
non-crystalline Ge clusters, the optical gaps of the non-crystalline hydrogenated Ge 
clusters are greatly reduced after doping a P atom. The absorption peaks of the small 
Ge5H8 and Ge10H10 are all concentrated in the ultraviolet region, no absorption in the 
visible light region is found in Fig.7 (a). After a P atom doping, their optical gaps 
decreased, and the absorption peaks are red-shifted into the visible region. With the 
increase of the cluster size, the absorption peaks of the non-crystalline hydrogenated 
Ge clusters are further red-shifted in the visible region, and some of them even extend 
to the near infrared region. Furthermore, the absorption spectra further extend toward 
the lower energy infrared region after doping a P atom. Fig. 7 (b) shows the relative 
cumulative absorption intensity Arvis of the non-crystalline hydrogenated Ge clusters 
and P-doped hydrogenated Ge clusters in the visible region. P-doping is found to 
enhance the absorption intensity in the visible region for most of the non-crystalline 
hydrogenated Ge clusters. In addition, we also compared the optical absorption 
properties of the P-doped non-crystalline Ge clusters when P atom is located at 
different positions. Fig. 8 shows their optical absorption spectra in the visible and 
infrared region. When P atom is doped in the bulk fragment within the Ge clusters 
(i.e., the type GenP-a and GenPHm-a clusters), their optical gaps are relatively smaller, 
and their absorption spectra are more red-shifted in comparison with the spectra of the 
cluster with P doped in the small cluster subunits (i.e., the type GenP-b1(2) and 
GenPHm-b1(2) clusters).  
 
  3.2.3 Optical properties of P-doped crystalline Ge nanoparticles 
We also calculated the optical properties of some selected crystalline Ge 
nanoparticles to compare with the results from the corresponding non-crystalline Ge 
clusters. The crystalline Ge nanoparticles were constructed by taking the 
bulk-truncated structures and passivated with H atoms to the surface dangling bonds. 
The sizes of these nanoparticles are Ge5H12, Ge10H16, Ge17H36, Ge29H24, Ge35H36 
and Ge45H48. Then a P atom is doped to each of these crystalline Ge nanoparticles. 
The corresponding structures of these crystalline nanoparticles are shown in Fig. 9. 
The optical gaps of these Ge nanocrystals are listed in Table 1. Their optical 
absorption spectra in the visible and infrared region and the relative cumulative 
absorption intensity in the visible region Arvis are shown in Fig. 10 and Fig. 11, 
respectively. From Table 1 we can see that the optical gaps of the Ge nanocrystals are 
higher than both of the non-crystalline pure Ge clusters and the same size 
hydrogenated Ge clusters. After doping P, the optical gaps of Ge nanocrystals are also 
larger than the corresponding size P-doped non-crystalline Ge clusters, except for a 
few small-sized Ge clusters. The absorption peaks of Ge crystallites are mostly in the 
ultraviolet region and almost completely absent in the visible region as shown in Fig. 
11. However, the absorption intensity of these Ge nanocrystals in the visible region 
are significantly enhanced after doping P, which is similar to the behavior of P-doped 
non-crystalline Ge clusters. Therefore doping a P atom also leads to red-shifted of the 
absorption spectra of the Ge nanocrystals. Nevertheless, compared with the 
non-crystalline Ge nanoparticles, the absorption intensity of Ge crystallites in the 
visible region are still greatly reduced, whether with or without P doping. For 
crystalline Ge nanoparticles, we also selected two types of doping positions, i.e., the P 
atom is doped at the center or on the surface of the Ge nanocrystals. We call the 
structures with different doping positions as GenPHm-a and GenPHm-b (n = 4, 16, 28, 
34, 44 and m = 12, 36, 24, 36, 48) isomers, respectively. Table 1 shows that the 
optical gaps of most GenPHm-a isomers are larger than that of the corresponding 
GenPHm-b isomers. Fig. 10 also shows that the absorption spectra of the Ge 
nanocrystals also extend toward the infrared region when P atom is doped at the 
center of Ge crystallites. For most of the larger-sized P-doped Ge nanocrystals, P 
atom located at the center also produces slightly stronger optical absorption intensity 
in the visible region.   
    Both crystalline and non-crystalline Ge nanoparticles have strong absorption in 
the ultraviolet region, and sharp decreasing in the visible region. However, the 
absorption peaks of Ge crystallites are almost completely absent in the visible region. 
It can be explained by their optical gaps. The optical gaps of Ge crystallites are higher, 
almost over 3 eV. However, the optical band gaps of non-crystalline Ge nanoparticles 
are general less than 2 eV except small Ge5 and Ge10 clusters. After doping P, the 
optical gaps of both non-crystalline or crystalline Ge nanoparticles are reduced, and 
their optical absorption spectra are red-shift. When the cutoff of the Ge-Ge bond is set 
to be 2.8 Å, the averaged atomic coordination of crystalline Ge nanoparticles is 4. 
However, in non-crystalline Ge nanoparticles, there are usually two or three Ge atoms 
bonded with more than 4 surrounding Ge atoms except small Ge5 and Ge10 clusters. It 
indicated that the non-crystalline nanoparticles tend to be more metallic because they 
have higher averaged atomic coordination and smaller optical gaps.  
 
4. Conclusions  
    The optical properties of non-crystalline Ge2-44 clusters were evaluated by the 
TDDFT calculations. The main absorption peaks of these non-crystalline Ge2-44 
clusters are in the ultraviolet region, especially in the far ultraviolet region. With the 
increase of cluster size, their absorption spectra converted gradually from many peaks 
to broad absorption bands, and extend gradually toward the lower energy region. 
Especially, their optical absorption intensity in the visible region gradually increases, 
and their optical gap becomes smaller and smaller.  
    The optical properties of P-doped non-crystalline and crystalline Ge 
nanoparticles were also studied by the TDDFT calculations. In general, doping P will 
reduce the optical gap and shift the absorption spectrum further toward the lower 
energy region to enhance the absorption intensity in the visible region for both 
non-crystalline and crystalline Ge nanoparticles. Furthermore, the optical gaps of 
non-crystalline Ge nanoparticles are smaller and the absorption in the visible region 
are stronger than those of crystalline Ge nanoparticles, whether with or without P 
doping. Moreover, the optical absorption spectra of Ge nanoparticles are also 
dependent on the location of the P atom in the nanoparticles. When P atom is doped in 
the bulk fragment of the non-crystalline Ge nanoparticles, the optical gaps of the 
nanoparticles are relatively smaller, and their absorption spectra are more red-shifted 
and extend further toward the infrared region, as compared to those isomers with the P 
atom in other positions. However, as the size of the cluster is increased, the absorption 
spectra are less sensitive to the location of the P doping. For crystalline Ge 
nanoparticles, when P atom is doped into the center instead of on the surface of the 
nanoparticles, the absorption spectra extend more toward the infrared region and the 
absorption intensity in the visible region are slightly stronger for most of larger-size 
nanoparticles. The optical gaps increase when the P atom moved from the center to 
the surface of Ge nanocrystals.  
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Table 1. Optical gaps of P-doped non-crystalline Ge clusters, hydrogenated Ge 
clusters and Ge crystallites.  
non-crystallite 
system optical gap (eV) system optical gap (eV) 
Ge5 2.4280 Ge4P 0.9104  
Ge10 2.1276 Ge9P 0.8631  
Ge17 1.8819 
Ge16P-a 0.4355  
Ge16P-b1 1.0881  
Ge16P-b2 1.0867  
Ge29 1.6405 
Ge28P-a 0.5941  
Ge28P-b 0.9805  
Ge37 1.1962 
Ge36P-a 0.5566  
Ge36P-b1 0.8350  
Ge36P-b2 0.9172  
Ge44 0.6766 
Ge43P-a 0.3767  
Ge43P-b 0.5943  
Ge5H8 5.4890 Ge4PH8 2.4411  
Ge10H10 4.1038 Ge9PH10 1.9551  
Ge17H16 1.1555 
Ge16PH16-a 0.8237  
Ge16PH16-b1 0.8548  
Ge16PH16-b2 0.7216  
Ge29H22 2.1706 
Ge28PH22-a 0.5683  
Ge28PH22-b 1.2770  
Ge37H24 1.2764 
Ge36PH24-a 0.5418  
Ge36PH24-b1 0.8333  
Ge36PH24-b2 0.7841  
Ge44H26 1.3031 
Ge43PH26-a 0.7907  
Ge43PH26-b 0.6252  
crystallite 
Ge5H12 6.7415  
Ge4PH12-a 1.3817  
Ge4PH12-b 2.7899  
Ge10H16 6.2278  Ge10PH16-a 1.5878  
Ge17H36 4.9478  
Ge16PH36-a 2.5705  
Ge16PH36-b 2.2194  
Ge29H24 3.3238  
Ge28PH24-a 0.6562  
Ge28PH24-b 1.4842  
Ge35H36 4.6964  
Ge34PH36-a 1.7864  
Ge34PH36-b 1.9437  
Ge45H48 2.9939  
Ge44PH48-a 0.8720  
Ge44PH48-b 1.2446  
 
 
 
Figure Captions:  
Fig. 1 Absorption spectra of non-crystalline Ge2-44 clusters in the ultraviolet region 
and their corresponding geometric structures.  
Fig. 2. Absorption spectra of non-crystalline Ge2-44 clusters in the visible light region.   
Fig. 3. (a) Relative cumulative absorption intensity Arvis value in the visible light 
region, (b) relative cumulative absorption intensity per atom Aavis value, and (c) 
optical gaps of Ge2-44 clusters.    
Fig. 4. Structures of P-doped Ge clusters and P-doped hydrogenated Ge clusters with 
different positions. The blue and orange spheres represent Ge and P atom, 
respectively.   
Fig. 5. Absorption spectra of non-crystalline Ge clusters (black line) and P-doped 
non-crystalline Ge clusters (green line) in the visible region (left column) and infrared 
region (right column).  
Fig. 6. Relative cumulative absorption intensity Arvis in the visible light region of (a) 
non-crystalline Ge clusters (black bar) and P-doped Ge clusters (green bar), (b) 
non-crystalline hydrogenated Ge clusters (blue bar) and P-doped hydrogenated Ge 
clusters (red bar). The insert of (a) is Advis value, the change of Arvis value after P 
doping for non-crystalline Ge clusters.  
Fig. 7. Absorption spectra of non-crystalline hydrogenated Ge clusters (blue line) and 
P-doped hydrogenated Ge clusters (red line) (a) in the ultraviolet (left column) and 
visible light region (right column); (b) in the visible region (left column) and infrared 
region (right column).  
Fig. 8. Absorption spectra of (a) non-crystalline P-doped Ge clusters and (b) 
non-crystalline P-doped hydrogenated Ge clusters in the visible region (left column) 
and infrared region (right column). The black, red and blue lines represent 
non-crystalline P-doped Ge nanoparticles with different doping positions, 
respectively.   
Fig. 9. Structures of Ge crystallite and P-doped Ge crystallite with different positions. 
The blue and orange spheres represent Ge and P atom, respectively.  
Fig. 10. Absorption spectra of P-doped Ge crystallites in the visible region and 
infrared region. The black and red lines represent the positions of P dopant inside at 
the center or on the surface of Ge crystallites.  
Fig. 11. Relative cumulative absorption intensity Arvis value in the visible light region 
of Ge crystallites (black bar), P-doped inside at the center (red bar) and P-doped 
outside on the surface (blue bar) of Ge crystallites. The black dash indicates the 
ordinate is zero.  
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig. 1. The absorption spectra of non-crystalline Ge2-44 clusters in the ultraviolet region and their 
corresponding geometric structures.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The absorption spectra of non-crystalline Ge2-44 clusters in the visible light region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3. (a) The relative cumulative absorption intensity Arvis value in the visible light region, (b) 
the relative cumulative absorption intensity per atom Aavis value, and (c) the optical gap of Ge2-44 
clusters.  
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Fig. 4. The structures of P-doped Ge clusters and P-doped hydrogenated Ge clusters with different 
positions. The blue and orange spheres represent Ge and P atom, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5. The absorption spectra of non-crystalline Ge clusters (black line) and P-doped 
non-crystalline Ge clusters (green line) in the visible region (left column) and infrared region 
(right column).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6. The relative cumulative absorption intensity Arvis in the visible light region of (a) 
non-crystalline Ge clusters (black bar) and P-doped Ge clusters (green bar), (b) non-crystalline 
hydrogenated Ge clusters (blue bar) and P-doped hydrogenated Ge clusters (red bar). The insert of 
(a) is Advis value, the change of Arvis value after P doping for non-crystalline Ge clusters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. The absorption spectra of non-crystalline hydrogenated Ge clusters (blue line) and P-doped 
hydrogenated Ge clusters (red line) (a) in the ultraviolet (left column) and visible light region 
(right column); (b) in the visible region (left column) and infrared region (right column).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 8. The absorption spectra of (a) non-crystalline P-doped Ge clusters and (b) non-crystalline 
P-doped hydrogenated Ge clusters in the visible region (left column) and infrared region (right 
column). The black, red and blue lines represent non-crystalline P-doped Ge nanoparticles with 
different doping positions, respectively.  
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Fig. 9. The structures of Ge crystallite and P-doped Ge crystallite with different positions. The 
blue and orange spheres represent Ge and P atom, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The absorption spectra of P-doped Ge crystallites in the visible region and infrared region. 
The black and red lines represent the positions of P dopant inside at the center or on the surface of 
Ge crystallites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 11. The relative cumulative absorption intensity Arvis value in the visible light region of Ge 
crystallites (black bar), P-doped inside at the center (red bar) and P-doped outside on the surface 
(blue bar) of Ge crystallites. The black dash indicates the ordinate is zero.  
 
 
